(Submitted for publication October 3, 1955; accepted October 31, 1955) In general, two principles have been employed in the measurement of the volume of gas in the lungs. The dilution techniques, using either a closed (rebreathing) or open (non-rebreathing) system are the most commonly used; the physical methods, based on Boyle's law relating pressure and volume, require special equipment and have been used relatively infrequently. This report presents a rapid, practical physical method for measuring lung volumes plethysmographically; it has been found to give reproducible values which, in healthy subjects, do not differ significantly from values obtained by the dilution method of Darling, Cournand, and Richards (1) .
Two types of physical (pneumatometric) techniques have been described previously, both based on Boyle's law. One of these is the decompression method used by Hitchcock, Edelmann, Shelden, and Whitehorn (2), Willmon and Behnke (3) , and Dejours and Rahn (4) ; it has been used in experimental animals (5, 6) as well as in normal man. In the decompression method, the pressure about the body and in the trachea and lungs is raised equally above atmospheric so as to compress the gas inside the lungs and outside the body.
The total number of molecules is thereby increased in all parts of the lung in free communication with an open airway. The pressures in the chamber and in the trachea are then released simultaneously. During return to normal atmospheric pressure, the amount of gas which flows out of the trachea is measured; this is the amount of gas which had been added to the lung gas by the previ- ' 
METHOD
The method used is based on Boyle's law that the volume of a gas varies in inverse proportion to the pressure to which it is subjected. At the beginning of the test, the subject has an unknown volume of gas in his chest; at either end-inspiration or end-expiration, when there is no air flow, the pressure of this alveolar gas is known to be atmospheric. If his airway is then occluded so that no pulmonary gas can escape, and he compresses the pulmonary gas by a voluntary expiratory effort, the pulmonary gas now has a new pressure and volume. The change in pulmonary gas pressure can be measured readily during airway occlusion since mouth pressure equals alveolar pressure in a closed systems The change in pulmonary gas volume can be measured by utilizing an air-tight body plethysmograph and a sensitive electrical capacitance manometer. From knowl-322 edge of the original pulmonary gas pressure and of the change in ponary gas pressure and volume, the original volume of gat in the chest can be calculated; the derivation of the thoracic gas volume equation is given below.
Details of the method
The subject enters and sits in an airtight chamber, the body plethysmograph (Figure 1) , which has the dimensions of a telephone booth' (9 Immediately after the door is closed, the pressure in the box rises rapidly because air in the box is warmed and humidified by the subject. During this initial period, the box is vented periodically to the room outside by means of a solenoid operated valve until the pressure drift with the vent closed is so slight that it does not interfere With the measurement of -the thoracic gas volume; this requires about two minutes. The subject then applies a nose clip and l*eathes through the mouthpieceshutter system (S, Figure 1 ) similar to that described by Mead and Whittenberger (10) . The solenoid-controlled shutter can be closed by the operator on the outside when it is'desired to obstruct the flow of air into and out of the subject's lungs. 'At the end of a normal expiration, as judged by observing box pressure, the' shutter is closed by the operator and. the-subject, continues to make one or more respiratory efforts.
When the subject makes 'breathing motions against the closed shutter, he alternately compresses and decompresses the air within his chest by the action of his chest muscles. The pressure changes within the lung can be measured by means of a second electrical capacitance manometer which records pressure at the mouth on the pulmonary side of the, closed shutter (P, Figure 1 ). In such a closed 'system, pressure at the mouth is considered to be the same as alveolari pressure ' method. The apparatus was modified so that a subject seated inside the plethysmograph could increase or decrease his puihmonary gas volume by a known volume by inspiring from or expiring into a spirometer outside the plethysmograph. Thoracic gas volumes were measured first after a maximal expiration and then after stepwise inspiration from the spirometer. Then the experiment was repeated after the subject made a maximal inspiration and stepwise expirations into the spirometer. The results obtained in two subjects are as follows: The amount of air that was inspired from or expired into the spirometer on the outside ranged from 0.50 to 5.12 liters. The plethysmograph method measured the increment or decrement in the lung volume. In a total of 35 measurements, the difference of the means between spirometer volume and plethysmographic lung volume was 0.04 liter (S.D. ± 0.17 liter; S. E. ± 0.03 liter).
Reproducibility of plethysmographic method
The variation among repeated measurements in the same-individual was checked by doing multiple determinations of the thoracic gas volume in each of three subjects. Subjects 1 and 2 were trained laboratory workers; subject 3 was an untrained patient with pulmonary arteriosclerosis. The 4. Effect of varying volumes of abdominal gas on the thoracic gas volume measured by the plethysmographic method. One of the principal objections to the plethysmographic method in the past has been that the gases in the gastro-intestinal tract may be compressed and decompressed along with the gas in the lungs by the voluntary efforts of the subject. By a modification of the technique just presented so that voluntary compression and decompression of the abdomen with an open glottis is used instead of respiratory efforts, we have been able to measure the volume of gas present in the abdomen (11); the average value in 60 subjects was 116 ml. This amount of gas could introduce only a very small error in the measurement of the thoracic gas volume by the plethysmographic technique. In order to study the effects of larger volumes of abdominal gas, we have introduced measured amounts of gas into the stomach and colon of normal subjects and studied the effect of this procedure on the value for thoracic gas volume measured by the plethysmographic method. The results (Table II) show that compressible gas volume was unaltered by-the addition of large amounts of gas into the stomach and colon. This finding can be explained by one of two mechanisms: 1) The diaphragm was raised and we measured the unchanged total thoracic and abdominal gas volume. 2) The diaphragm was not raised and movement of the diaphragm did not compress and decompress the abdominal gas. On the basis of the data presented in this study we cannot tell which of these two mechanisms is effective when large amounts of gas are introduced into the gastro-intestinal tract The test does require apparatus not usually found in a pulmonary function laboratory (two sensitive manometers, a body plethysmograph, a shutter and a cathode ray oscilloscope). However, in industrial health departments where it is desirable to make measurements on large numbers of employees, the method, despite the initial expenditure involved, may well be more economical than those involving longer periods of testing and many chemical analyses. Furthermore, the identical apparatus used for this measurement may also be used for the quantitative measurement of airway resistance (9) , of pulmonary non-elastic tissue resistance (12) , of pulmonary capillary blood flow (13) , and of abdominal gas volumes (11).
2. Other methods for measuring FRC measure the volume of pulmonary gas in free communication with the airway. This technique measures the volume of gas within the thorax that is compressed and decompressed with expiration and inspiration. Use of this method simultaneously with a dilution method should permit accurate determination of the volume of non-ventilated gas and lead to a better understanding of this somewhat neglected subject.
CONCLUSIONS
A new plethysmographic method for measuring thoracic gas volume is described. It is rapid, safe, uninfluenced by the usual quantities-of abdominal gas, requires no 
